Abstract. Fibroblast activation protein-α (FAP-α) is a cell surface serine protease of the post-prolyl peptidase family, and stromal FAP-α expression may serve important functions in tumor occurrence and progression.
Introduction
Colorectal cancer (CRC) is one of the most common types of tumor worldwide with one of the highest mortality rates (1) . Its occurrence is a complex process and may be caused by genetic or epigenetic alterations and different environmental factors (2) . In recent years, with the development of early diagnosis and advanced systemic treatments, the overall prognosis has been ameliorated to a certain extent. However, for those with advanced and metastatic diseases, the prognosis remains poor (3, 4) .
Angiogenesis, the formation of new blood vessels, may serve central roles in tumor occurrence and progression, and even prognosis (5) . The newly-formed vessels faciliate nutrients and waste exchange for growing tumors, in addition to providing entry points for metastatic tumor cells (6) . Finding effective targets which may significantly inhibit angiogenesis is likely to contribute to improved treatment outcomes for patients with cancer.
As a member of the serine protease family, an initial study reported that fibroblast activation protein-α (FAP-α) was expressed in >90% of epithelial tumor stromal cells and was able to serve important roles in proliferation, angiogenesis, immune escape, invasion and metastasis, and tissue remolding (7) . Previous studies have demonstrated that FAP-α expression is not confined to stromal cells and is additionally expressed in certain malignant epithelial cells (8) (9) (10) . Huang et al (8) reported that the human breast cancer cell line MDA-MB-231 expressing FAP-α grew more rapidly compared with a control group. Cheng et al (9) reported that HEK293 cells overexpressing FAP-α were 2-4 times more likely to develop tumors in mice compared with HEK293 control cells, in addition to a 10-to 40-fold shift in tumor growth (9) . In 2003, Iwasa et al (10) confirmed FAP-α expression in CRC cells using immunohistochemistry (IHC) staining and reported that high FAP-α expression was positively correlated with lymph node metastasis. However, the study lacked further Finally, slides were stained with 3,3'-diaminobenzidine and counterstained with 0.5% hematoxylin at room temperature. The assessment was performed by two independent pathologists who were blinded to clinical parameters and the clinical outcomes of the patients. The proportion score represented the estimated fraction of positively stained tumor cells: 0≤25%, 26≤1≤50%; 51≤2≤75%; 3>75%. The intensity score represented the estimated average staining intensity of positive tumor cells: 0, Negative; 1, weak; 2, moderate; and 3, strong. The expression level of FAP-α and VEGF-A was evaluated using the product of proportion score and intensity score in 5 fields (x400, magnification) using a CX31 microscope (Olympus Corporation, Tokyo, Japan) and mean value was obtained (<4 as low expression, ≥4 as high expression). Microvessel density (MVD) was determined by CD34 immunoreactivity and quantified as described previously (11).
Transfection. Plasmid (0.5 µg) PcDNA3.1/FAP-vector (Shanghai GenePharma Co., Ltd., Shanghai, China) was transfected into SW1116 cells at 4x10 4 cells/well in a 6-well plate using Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, Inc.) to upregulate FAP-α expression, and p-GPU6/FAP-short hairpin (sh)RNA (Shanghai GenePharma Co., Ltd.) was transfected into HT29 cells to silence FAP-α expression. Empty plasmids were used as the control. After 48 h, the supernatant was collected as conditioned medium (CM) and protein was extracted for further research.
Western blot analysis. Protein were extracted from cells using radioimmunoprecipitation lysis buffer containing 1% phenylmethanesulfonyl fluoride (Beyotime Institute of Biotechnology, Haimen, China) and total proteins were measured using a bicinchoninic acid kit (Pierce; Thermo Fisher Scientific, Inc.) according to the manufacturer's instructions. A total of 350 µg total protein was loaded in each well of a 5% acrylamide gel and separated by a 10% separating gel prior to transfer onto a polyvinylidene difluoride membrane. After being blocked in 5% non-fat milk (cat. no. 232100; BD Biosciences, Franklin Lakes, NJ, USA) at room temperature for 1 h, the membrane was incubated with the primary antibodies at 4˚C overnight and with peroxidase-linked goat anti-rabbit-IgG (cat. no. SA00001-2, 1:5,000; Proteintech Group Inc., Chicago, IL, USA) at room temperature for 1 h. Signals were detected using enhanced chemiluminescence reagents (Pierce; Thermo Fisher Scientific, Inc.) and analyzed using Image-Pro Plus software (version 5.1; Media Cybernetics, Inc., Rockville, MD, USA). The primary antibodies were as follows: FAP-α (cat. no. ab53066, rabbit anti-human, 1:1,000; Epitomics, Burlingame, CA, USA); VEGF-A (cat. no. 19003-1-AP, 1:1,000; Proteintech Group, Inc.); VEGF-R2 (1:1,000; cat. ELISA analysis. VEGF-A in the supernatant was detected using a VEGF-A ELISA kit (cat. no. CSB-EL025833SH; Cusabio Biotech Co., Ltd., Wuhan, China), according to the manufacturer's instructions. The experiment was repeated at least three times.
MTT assay of HUVECs. Cells were counted and plated in 96-well plate in triplicate at 4x10 3 cells/well in 100 µl medium. An MTT assay was performed dimethyl sulfoxide was used to dissolve formazan at 6 and 48 h, according to the manufacturer's protocol (Beijing Solarbio Science and Technology Co., Ltd., Beijing, China). Optical density (OD) was measured at 490 nm. The proliferation rate was calculated as the OD value at 48 h/the OD value at 6 h. The experiment was repeated three times.
Statistical analysis. SPSS software version 13.0 (SPSS, Inc., Chicago, IL, USA) was used for statistical analysis. All data are expressed as the mean ± standard deviation, and the differences between groups were analyzed using a one-way analysis of variance with Dunnett's post hoc test. Survival curves were drawn using the Kaplan-Meier method and compared using the log-rank test. P<0.05 was considered to indicate a statistically significant difference. Fig. 1A , FAP-α expression was stained by IHC in the cytoplasm of CRC cells, and sporadic staining was additionally identified in stromal cells. As presented in Fig. 1B , IHC staining of serial slides identified strong VEGF-A staining and more microvessels in FAP-α high expression tissues. Statistical analysis demonstrated that the general VEGF-A score (Fig. 1C) and MVD (Fig. 1D) in FAP-α high expression tissues was increased compared with FAP-α low expression tissues, with a statistically significant difference (P<0.05). Survival analysis demonstrated that patients whose tissue samples possessed high levels of FAP-α and VEGF-A demonstrated markedly worse outcomes in OS compared with those whose samples possessed low FAP-α or low VEGF-A expression levels, although the difference was only statistically significant when compared with samples of the low FAP-α and low VEGF-A expression group (P=0.049; Fig. 1E ; Table I ). All the results confirmed the association between FAP-α and angiogenesis at the tissue level and implied its important effects on the prognosis of patients with CRC.
Results

IHC staining of FAP-α, VEGF-A and CD34 expression in CRC tissues. As illustrated in
FAP-α may regulate VEGF-A expression in CRC cells.
To further confirm the proangiogenic roles of FAP-α at the cell level, FAP-α expression was altered via transfection in CRC cells (Fig. 2) . As illustrated in Fig. 2A and C, following upregulation of FAP-α in SW1116 cells, VEGF-A expression was significantly increased (P<0.05). The level of secreted VEGF-A in the supernatant was additionally elevated ( Fig. 2E; P<0 .05). Following silencing of FAP-α expression in HT29 cells, VEGF-A expression in the cytoplasm ( Fig. 2B and D; P<0.05) and supernatant ( Fig. 2F; P<0 .05) declined significantly. These results verified that FAP-α may effectively promote the expression of the important proangiogenic factor VEGF-A in CRC cells.
FAP-α in CRC cells may activate HUVECs.
To observe the effects of FAP-α shift on HUVECs, HUVECs were exposed to CM derived from SW1116 cells with overexpressed FAP-α (Fig. 3) , and it was observed that the proliferation rate of HUVECs increased significantly from 0.9±0.11 to 1.54±0.07 (Fig. 3A) . VEGF-R2, p-ERK and p-Akt were significantly upregulated (Fig. 3C) . Conversely, following treatment using CM derived from HT29 cells with silenced FAP-α, the proliferation rate of HUVECs declined significantly from 0.96±0.09 to 0.42±0.04 or 0.48±0.04 (Fig. 3B) . These results demonstrated the activating roles of FAP-α in CRC cells on HUVECs.
FAP-α regulates VEGF-A expression via Akt and ERK signaling pathways.
To further study the potential molecular mechanism responsible for the proangiogenic effects of FAP-α, p-ERK and p-Akt were selected as candidate signal targets. Western blot analysis identified that FAP-α overexpression in SW1116 cells was able to activate the phosphorylation of ERK and Akt (Fig. 4A) . Phosphorylation of ERK and Akt was additionally inhibited following FAP-α silencing in HT29 cells (Fig. 4B) . To further confirm whether p-ERK and p-Akt are involved in the regulation of VEGF-A expression, western blot analysis was performed and it was identified that the Akt inhibitor LY294002 (Fig. 4C) and ERK inhibitor U0126 (Fig. 4D) significantly abrogated VEGF-A upregulation induced by FAP-α. These results demonstrated that Akt and ERK were involved in the proangiogenic effects of FAP-α.
Discussion
FAP-α is an integral membrane serine peptidase and tumor stromal FAP-α has been considered to be an important participant in tumor onset and progression, and even prognosis, through enzymatic and non-enzymatic functions (12,13). Wikberg et al (14) reported that stromal FAP-α in tumor boundaries was not associated with patient prognosis, while high stromal FAP-α expression in the center of a tumor was positively correlated with poor prognosis. In ovarian cancer, stromal FAP-α was positively correlated with lymph node and omental metastasis, in addition to elevated lymphatic density (15) . Based on the important roles of stromal FAP-α in tumor progression, FAP-α in tumor cells has attracted increasing interest and its expression has been detected in a number of types of epithelial tumor cells, including breast cancer (16) , pancreatic adenocarcinoma (17) , gastric cancer (18) , oral squamous cell carcinoma (19) , ovarian cancer (20) , cervical cancer (21) and CRC (10). Jia et al (22) reported that FAP-α was significantly associated with poor outcome in patients with breast cancer, and promoted the proliferation and inhibited the migration of breast cancer cells. Lai et al (23) identified that silencing of FAP-α in the ovarian cancer cell line SKOV3 inhibited tumor growth in vivo. Shi et al (17) reported that increased FAP-α expression in pancreatic adenocarcinoma cells was associated with tumor size, fibrotic focus, perineural invasion and a worse clinical outcome. The present study detected FAP-α expression at the tissue level via IHC and at the cell level by western blotting, and further verified its presence in CRC cells. IHC staining identified that FAP-α in CRC cells was positively associated with MVD and VEGF-A expression, implying its proangiogenic effects for the first time, to the best of the authors' knowledge. VEGF-A is the most important regulatory factor in tumor angiogenesis, and altered expression of VEGF-A has been reported to be associated with a poor prognosis in various types of human cancer (24, 25) . The positive association of FAP-α and VEGF-A suggested that FAP-α may function in angiogenesis by regulating VEGF-A expression. To test this hypothesis, FAP-α expression was altered by transfection and it was identified that VEGF-A expression exhibited the same alterations in the cytoplasm and supernatant. Patients with double high expression of FAP-α and VEGF-A exhibited the worst prognosis, compared with the high FAP-α only or high VEGF-A only groups, implying that FAP-α alone or VEGF-A alone may not exert significant effects on prognosis, although their coexpression posessed notable clinical significance. This was not consistent with a previous study (24) , possibly due to different samples or the limited number of cases in the present study.
VEGFR-2 is an essential mediator of VEGF-initiated angiogenesis and serves crucial roles in regulating multiple signaling pathways in endothelial cells which may regulate core angiogenic responses, including proliferation, migration and tube formation abilities (26, 27) . The Akt and ERK signaling pathways are crucial participants in maintaining the different biological behaviors of different cells including proliferation, migration, differentiation, drug resistance, apoptosis and phenotype maintenance (28) (29) (30) . To detect the direct effects of FAP-α alterations on HUVECs, HUVECs were treated using CM from SW1116 cells with FAP-α overexpression, and it was identified that the expression of VEGF-R2, p-Akt and p-ERK all increased significantly, as did proliferation ability. CM from HT29 cells with silenced FAP-α expression exerted the opposite effect on the proliferation ability of HUVECs. This further confirmed the proangiogenic function of FAP-α in CRC cells. p-Akt and p-ERK in SW1116 cells and HT29 cells were significantly affected by FAP-α expression. The p-Akt inhibitor LY294002 and the p-ERK inhibitor U0126 were able to inhibit VEGF-A upregulation induced by FAP-α overexpression. This implied that endogenous FAP-α in CRC cells may regulate the VEGF-A expression of CRC cells and HUVEC activation via the Akt and ERK signaling pathways.
In conclusion, the present study provided further evidence of the presence of FAP-α in CRC cells, and additionally demonstrated that FAP-α in CRC cells was able to promote angiogenesis via the Akt and ERK signaling pathways. This provided novel knowledge about the functions of endogenous FAP-α in tumor cells and supplied further evidence for treating FAP-α as a target in therapy.
